Abstract-The anisotropic magnetoresistance (AMR) in epitaxial Au/Fe(001) bilayers grown on MgO(001) substrate was systematically studied as a function of Au thickness over the temperature range 6-300 K. The AMR oscillates with a period of about 1.8 nm in Au thickness at low temperatures and also oscillates at certain higher temperatures. Such novel oscillatory AMR behavior is attributed to quantum well states in Au ultrathin films.
I. INTRODUCTION
Modern magnetoelectronic devices often consist of metallic thin films with thicknesses on the nanometer scale. Electrons confined to the short dimension that is perpendicular to the film plane are quantized into discrete energy levels, forming standing-wave-like eigenstates or quantum-well states (QWS) [Chiang 2000 , Qiu 2002 , Milun 2002 . The QWS periodically modulate the electron density of states (DOS) near the Fermi level (E F ) as a function of film thickness [Ortega 1993 ]. This results in the thickness-dependent oscillation of various physical properties such as interlayer exchange coupling (IEC) [Parkin 1991 , Qiu 2002 , the magnetooptic effect [Suzuki 1998 ], tunneling magnetoresistance [Yuasa 2002] , and magnetic anisotropy [Weber 1996 , Würsch 1997 , Li 2009 , 2010 . These QWS effects enable the manipulation of various magnetic properties in magnetic nanostructures, and lead to a deeper understanding of the relationship between the film's magnetic properties and its electronic structure.
Anisotropic magnetoresistance (AMR) is a fundamental spindependent transport property of ferromagnetic (FM) materials in which the resistance depends upon the relative orientations of the current and the magnetization [McGuire 1975] . AMR arises from a spin-orbit interaction that mixes the spin-up and spin-down states and induces a magnetization orientationdependent scattering rate [Smit 1951 , Potter 1974 , McGuire 1975 . Thus, AMR in FM materials depends on the DOS near E F , and the manipulation of the DOS near E F by QWS in the thin film is expected to affect the AMR. However, the effect of QWS on the AMR has not been reported and remains an open question.
To measure the QWS effects on magnetotransport properties, it is crucial to prepare high-quality films on an insulating substrate. Previous studies used the films grown on metallic substrates [Ortega 1993 , Unguris 1997 , Qiu 2002 , Weber 1996 ], which are not suitable for transport measurements. Here, we report the observation of oscillatory AMR as a function of Au thickness in Au/Fe(001) bilayers grown on an insulating 
II. EXPERIMENTS
The films were prepared by molecular beam epitaxy in an ultrahigh vacuum chamber with a base pressure of 2 × 10 −10 torr. Initially, the MgO(001) single-crystal substrates were annealed at 600°C for 30 min in the chamber. Then, a 10 nm MgO seed layer was grown at 300°C to increase the surface smoothness, which was confirmed by sharp reflection high-energy electron diffraction (RHEED) patterns [see Fig. 1(a) ]. The Fe layers were prepared at room temperature (RT), then annealed at 360°C for 10 min. The epitaxial relationship between the Fe(001) layer and the MgO (001) [Unguris 1994 ]. The samples were capped with a 4 nm MgO protection layer before being taken out of the growth chamber. Film thicknesses were determined by growth rates (∼1.0-2.0Å/min) measured by a calibrated quartz thickness monitor.
To reveal Au-thickness-dependent AMR in the Au/Fe bilayer, the Au film was grown as a wedge with a slope of ∼0.8 nm/mm. The films were patterned, as shown in Fig The AMR was measured at variable temperatures with a standard lock-in technique in a probe station (LakesShore EMPX-HF). We define the AMR ratio as R/R = (R // − R ⊥ )/R // , where R // and R ⊥ are the resistances of the Au/Fe bilayer when the Fe magnetization (M) is parallel to the current (M//I ) and perpendicular to the current (M⊥I ), respectively. A fixed bias field H b (∼80 Oe) was applied along the current direction; simultaneously, the external field H ext was swept perpendicular to the current direction in the film plane. Here, the current I always flowed along the Fe 100 direction, which is easy axis of the four-fold magnetocrystalline anisotropy of the Fe(001) film. Thus, the Fe magnetization is parallel to the current (M//I ) in the remanent state, and is perpendicular to the current (M⊥I ) when there is a strong H ext . Fig. 1 (e) plots a representative MR loop obtained from a Au(1 nm)/Fe(10 nm) sample. Fig. 2(a) -(c) plots the Au thickness dependence of R, R, and R/R for the Au/Fe(10 nm) bilayer at 300 K. The monotonic decrease with Au thickness can be attributed to the current shunting effect by the Au layer. This differs from previous AMR results as a function of Pt thickness in a Pt/Fe bilayer, which was enhanced for Pt thickness up to 2 nm [Li 2014 ]. The AMR enhancement in the Pt/Fe bilayer was attributed to an induced weak magnetism from the magnetic proximity effect. As the Au interface has a negligible moment induced by the proximity ef- fect [Ryu 2014 , Qu 2013 , no enhancement of AMR is expected in Au/Fe bilayers. Fig. 2 (d)-(f) plots the same parameters measured at 6 K. The resistance R first increases with the emerging Au overlayer, and has a peak at t Au ∼ 0.9 nm; it then decreases sharply for 0.9-2.2 nm Au thicknesses, followed by a continuous decrease with thickness. The resistance of Au(0.9 nm)/Fe(10 nm) is ∼10% larger than that of the 10 nm Fe film, which is difficult to attribute to current shunting. Moreover, the increased resistance starts at t Au ∼ 0.5 nm (∼2.5 ML, monolayer), and at this thickness the Au/Fe interface should have been well developed since the Au film growth on Fe(001) has the layer-by-layer growth mode [Unguris 1994 [Unguris , 1997 . Thus, the resistance enhancement in Au(0.9 nm)/Fe(10 nm) cannot be solely caused by electron diffusive scattering at the Fe/Au interface.
III. RESULTS AND DISCUSSION
At 6 K, both R and R/R exhibit an oscillation as a function of Au thickness, with a strong peak at 1.3 nm and a second weaker peak at 3.1 nm [see arrows in Fig. 2(e) ]. Such a thickness-dependent oscillation usually originates from either a change in surface morphology [Weber 1996] , or from the QWS in the films [Chiang 2000 , Qiu 2002 , Milun 2002 ]. An oscillation of the surface morphology should have a precise onemonolayer (ML) period (∼0.204 nm for Au(001) films), which is not observed here. Therefore, we attribute the oscillation of the magnetoresistance to the QWS in the Au thin film. It is well known that an Au layer grown on a Fe(001) surface can have spin-polarized QWS in the sp-band because the electron wave is confined perpendicularly to the film surface [Ortega 1993 , Unguris 1994 , Fuss 1992 , Suzuki 1998 ]. In addition, the QWS period was 8.2 ML (∼1.7 nm) at E F , as determined by photoemission from Au films grown on a Fe(001) substrate [Ortega 1993] . This is close to the 1.8 nm separation between two peaks in Fig. 2(e) .
We measured the Au-thickness-dependent AMR for other temperatures over the 6-300 K range, as shown in Fig. 3(a) . Two AMR oscillations are observed at low temperatures as a function of Au thickness, but their temperature-dependent behaviors are very different. The inset in Fig. 3(a) shows the amplitudes of the two AMR oscillations as a function of temperature. The first oscillation remains relatively robust as it decreases with temperature up to 200 K, whereas the weaker second oscillation is much more sensitive to temperature, and disappears above 75 K. The QWS can be weakened by the thermal fluctuation at higher temperature through the electronphonon interaction [Milun 2002 ], leading to a weaker effect of QWS. For example, the oscillation of magnetic anisotropy induced by QWS in Fe films can only be observed below 120 K [Li 2009 [Li , 2010 .
It should be noted that the AMR of Au/Fe bilayer changes sign from positive to negative over the 6-300 K range. AMR sign changes in relatively thick Fe single-crystalline films have been attributed to the increased electron mean free path at low temperature [Granberg 1999 , Shim 2013 . The Lorentz force can dominate electron scattering processes at low temperature for thicker films and cause a negative AMR. The AMR is further changed toward the negative value by growing the Au layer on the Fe film, and this may be attributed to the modified electron band structure at the Fe/Au interface since the sign of AMR is sensitive to the electronic structure [McGuire 1975] . Here, when the average AMR is about zero at 50 K, we can observe a sign oscillation as a function of Au thickness. Fig. 3(b) plots R loops as a function of external magnetic field, which clearly demonstrate an AMR sign oscillation in the Au(t Au )/Fe(10 nm) bilayer.
We also performed Au-thickness-dependent measurements in Au/Fe bilayers with different Fe film thicknesses. Fig. 4 plots the results measured at 6 K. The AMR ratio of Fe(001) film decreases with Fe thickness and is close to zero for 10 nm Fe films, which is consistent with previous reports [Granberg 1999 ]. Here, the results indicate that the QWS effect in the Au layer is strong for t Fe > 6 nm, and is independent of the AMR sign of the Fe film. The first peak at t Au ∼ 1.3 nm can be observed for t Fe > 6 nm, whereas the second weaker peak can only be observed for thicker Fe films. The Fe thickness-dependent AMR behavior can be attributed to different quality of Au film grown on Fe underlayer, and the QWS in the Au film relies on the film quality. Usually, QWS have been studied for Au films grown on Fe(001) single crystal substrates [Unguris 1994 [Unguris , 1997 , which are not suitable for the investigation of magnetotransport properties. Here, the Fe film surface morphology on the insulating MgO(001) substrate is not as good as that of Fe single crystals, which results in the relatively poorer Au film quality in comparing with that grown on Fe(001) single crystal. Thus, the QWS effect cannot be observed in the Au/Fe(3 nm) sample due to the poor surface of 3 nm Fe film. However, the quality of the Au film can be improved with better Fe surface morphologies obtained by postannealing of the Fe thicker films. Judging from RHEED patterns, the surfaces of both the Fe and Au films appear to be more smooth for thicker Fe films; therefore, the QWS in Au/Fe(10 nm) sample is strong enough to cause the second oscillation. It has been reported that for a Fe film grown on a Ag(001) substrate [Li 2010] , the QWS could modulate the magnetic anisotropy [Li 2011 [Li , 2009 . Because of the relatively poor quality of the Fe films grown on the MgO(001) substrates, oscillatory AMR is not observed as a function of Fe thickness.
Also of interest is how the QWS in the Au layer affects the AMR in the Au/Fe bilayer. The AMR originates from anisotropic s-d electron scattering near E F [Smit 1951 , Potter 1974 , McGuire 1975 . It is known that the QWS of Au sp-band in Au/Fe(001) system is spin-polarized due to the spin-dependent electron reflection at the Au/Fe interface [Chiang 2000 , Qiu 2002 , Milun 2002 . However, electron scattering between the QWS and the d-band states in the Au layer should be very weak because the d-band in the Au layer is several electronvolts lower than E F [Laufer 1987 ], but the d-band states in the Fe film cross E F [Callaway 1977] ; therefore, the hybridization between the Au sp-band and the Fe d-band at the Au/Fe interface can induce significant s-d electron scattering and an interfacial AMR. The Au sp-band DOS can be affected by the QWS [Ortega 1993 ], which could further induce a Au-thicknessdependent AMR oscillation. Moreover, QWS can also modify the DOS in the Au film and at the Fe/Au interface, which can influence the electron scattering and result in the resistance peak at t Au ∼ 0.9 nm shown in Fig. 2(d) .
The effect of QWS in Au layer on IEC in Fe/Au/Fe sandwiches has been well documented, and oscillatory IEC has been observed up to 6-nm Au film at room temperature [Unguris 1994 , Fuss 1992 . However, the AMR oscillation in Fig. 2 decays much faster, and no oscillation can be observed at 6 K for Au layers thicker than 3.5 nm. IEC is mainly related to electrons at special k points in momentum space [Ortega 1993 , Bruno 1991 , whereas all the electrons around the Fermi surface can contribute to AMR [McGuire 1975] . Thus, weak QWS at RT do not affect AMR. Usually, the QWS in a thin film are stronger at lower temperatures, and will thus have a stronger effect on AMR. Moreover, IEC in the Fe/Au/Fe(001) system indicates two oscillation periods of 8.6 ± 0.3 ML and 2.48 ± 0.05 ML, due to QWS with different critical spanning vectors at E F [Unguris 1994 [Unguris , 1997 . The AMR oscillation period in Au/Fe bilayers is ∼1.8 nm, close to the longer IEC period. As the short period is more sensitive to surface roughness, the short period AMR oscillation cannot be observed here. However, QWS at different k points in momentum space may contribute differently to the AMR. It will require further theoretical analysis to fully understand how the QWS influence the AMR in ultrathin magnetic systems.
IV. SUMMARY
We studied the effect of Au overlayer QWS on the AMR of Au/Fe bilayers grown on MgO(001) substrates. The AMR oscillates with a period of ∼1.8 nm Au thickness at low temperature. An AMR sign oscillation was also observed at 50 K as a function of Au thickness. The oscillation of both AMR magnitude and sign can be attributed to the QWS in the Au sp-band, which can strongly hybridize with the Fe d-band at the Au/Fe interface. Thus, the s-d scattering probability also oscillates as a function of Au thickness. Our results demonstrate that the QWS can be used to control spin-dependent transport in ultrathin magnetic systems.
